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[1] We present a survey of 64 direct observations of large-amplitude parallel electric
fields Ek in the upward current region of the southern auroral acceleration zone, obtained
by the three-axis electric field experiment on Polar. These Ek events range in amplitude
from about 25 to 300 mV/m and represent a significant fraction of the total electric field
strength (Ek/E? ranges from �0.25 to O(10)). The Ek structures, which tend to occur at the
edges of oppositely directed (converging) pairs of perpendicular electric field structures
(electrostatic shocks), have transverse (to the magnetic field) widths of �1.0–20 km at
altitudes ranging from 0.8RE to 1.5RE, assuming the structures are stationary. The parallel
potential drops associated with these large-amplitude parallel electric fields are highly
localized in altitude (e.g., tens of kilometers as opposed to �thousands of kilometers). The
amplitude of the parallel electric field shows a strong anticorrelation with the plasma
density inferred from spacecraft potential measurements. We find no apparent correlation
between the amplitude of the parallel electric field and altitudes sampled (between 0.8RE

and 1.5RE), current density, and Kp, though there is a suggestion that the largest Ek/E?
ratios are confined to lower altitudes. Taking sampling biases into consideration, we find
that the large parallel electric fields occur preferentially at higher values of Kp and within a
thin layer centered about 1.28RE. A detailed analysis favors ambipolar effects over
electron inertial effects as an explanation for the parallel electric field signatures. INDEX
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1. Introduction

[2] Electric fields parallel to the magnetic field vector
play a major role in the transport of mass, momentum, and
energy in the auroral zone. In the upward current region,
higher altitude, large-amplitude perpendicular electric fields
E? are prevented from mapping to the ionosphere via a
parallel electric field Ek. The Ek is of a sense to accelerate
ions of ionospheric origin upwards and magnetospheric
electrons downward, maintaining current and quasineutral-
ity in the presence of a mirroring magnetic field. The
parallel potential drop experienced by the particles typically
ranges from 1 to 10 kV. Although localized in latitude, the
parallel potential is usually envisioned to be distributed over
a large altitude extent (� thousands of kilometers), giving
rise to a relatively small amplitude Ek (� few mV/m)
throughout the acceleration region.
[3] The generally accepted model of the canonical

U-shaped potential well is depicted in Figure 1a, as a
reference.

[4] Large-amplitude, transient (AC) parallel electric fields
associated with ion acoustic waves [e.g., Ergun et al.,
1998a] and solitary structures have been observed in the
auroral acceleration region [e.g., Temerin et al., 1982; Ergun
et al., 1998b; Cattell et al., 1999]. It is not clear what role, if
any, these large-amplitude AC parallel fields play in the
formation of a quasistatic parallel potential drop in the
acceleration region. Large-amplitude, macroscopic (DC)
parallel electric fields were first encountered by S3-3
[e.g., Mozer, 1980; Mozer et al., 1980] and more recently
by Polar [Mozer and Kletzing, 1998; Mozer and Hull, 2001]
and by FAST [Ergun et al., 2001]. The few examples from
Polar had amplitudes ranging from 200 to 300 mV/m and
occurred in the upward current part of the southern auroral
acceleration region at altitudes of about 6400 km on the
boundary between high and low density plasma. Such large-
amplitude DC parallel electric fields imply significant
parallel potential drops distributed over tens of kilometers
[Mozer and Kletzing, 1998], as opposed to potential drops
distributed over thousands of kilometers. Mozer and Hull
[2001] suggested that the large DC parallel electric fields
are part of the field structure of the auroral acceleration
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region and they occur in a sheath that separates the dense
ionosphere from the less dense, higher altitude region.
Figure 1b illustrates a revised U-shaped model of the
potential well associated with the upward current part of
the acceleration region envisioned by Mozer and Hull
[2001]. Thus, in addition to weak parallel electric fields
that exist at mid to high altitudes, the auroral acceleration
region is envisioned to have strong, localized parallel
electric fields at low altitudes. Highly localized, large-
amplitude, DC parallel electric fields have also been

suggested in recent simulations [Ergun et al., 2000],
although the simulated occurrence of the sharp transitions
in potential along the field-line was sensitive to the
boundary conditions imposed.
[5] It is not obvious whether localized DC parallel

electric fields are a property of the typical state of the
auroral acceleration region or arise under special circum-
stances. Statistical studies of direct measurements of DC
parallel electric fields as a function of longitude, latitude,
and altitude are essential to understanding the morphology

Figure 1. Quasistatic models of the potential along the field line inferred from the observations. The
solid curves represent equipotential surfaces.
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of the parallel potential, the mechanism(s) responsible for
their formation, and their relation to particle acceleration. To
date only a few examples of large-amplitude, macroscopic
parallel electric fields exist in the literature. In this study we
present a statistical survey of 64 large-amplitude, macro-
scopic parallel electric field structures measured in the
southern auroral acceleration region by the three-axis elec-
tric field experiment on Polar at altitudes from 0.8RE to 1.5
RE. The Ek events have peak amplitudes ranging from 25 to
300 mV/m and represent a significant fraction of the total
electric field strength (Ek/E? range from �0.25 to O(10)).
In section 3 we present a five case studies of Ek to illustrate
some of their characteristic properties. Section 4 establishes
the statistical properties of the Ek structures in relation to
other parameters that characterize the auroral acceleration
region. In section 5 we test the degree to which the large-
amplitude DC parallel electric fields can be explained
macroscopically by electron inertia and ambipolar effects.
The ambipolar term of the generalized Ohm’s law is found
to be a plausible explanation for these large-amplitude DC
parallel electric field signatures discussed in this paper,
while the electron inertial term is not. Conclusions are
given in section 6.

2. Instrumentation and Experimental Data Set

[6] The electric field data used in this study were meas-
ured by the electric field instrument (EFI) on board Polar
[Harvey et al., 1995]. EFI consists of three orthogonal
sphere pairs that measure the electric field vector. The spin
plane double probes have separations of 100 and 130 m,
respectively. The third pair of spheres lie along the spin axis
and are held 14 m apart by rigid booms. The electric field is
regularly sampled at a rate of 40 vectors per second through
a 20-Hz low-pass filter. Magnetic field data at 8 vectors per
second were provided by the Polar magnetic field experi-
ment (MFE) [Russell et al., 1995]. Burst electric field data,
sampled at 1600 Hz, were available for one of the events
discussed in the paper. The burst electric field signals were
low-pass filtered at 500 Hz. The search coil magnetic fields
from PWI [Gurnett et al., 1995] were sampled at the same
rate as the burst electric field data.
[7] The electric field data used in this study are presented

in a local magnetic field aligned coordinate (FAC) system in
which the z axis represents the direction along the magnetic
field, the x axis is in the magnetic meridional plane and
points equatorward, and the y axis completes the orthonor-
mal set and points in the magnetic westward direction. The
8-Hz magnetic field vector data were linearly interpolated to
the electric field time tags before transforming the electric
field vector from a despun spacecraft coordinate system into
the FAC system.
[8] The high time resolution (1.15 s) electron and ion data

used in this paper were measured by the DuoDeca Electron
Ion Spectrometer (DDEIS) component of the Hydra instru-
ment onboard Polar [Scudder et al., 1995]. The DDEIS is
composed of six pairs of E/Q analyzers which measure
counts in 12 look directions with narrow fields of view (8��
8�) and energy bandwidth of �E/E = 6%, alternating
between electron and ion samples in subsequent energy
sweeps (1.15 s). Each sweep consists of 16 logarithmic
energy steps from about 12 eV to 18 keV. Unless specifi-

cally stated otherwise, the electron and ion data used in this
study have been corrected for spacecraft floating potential
using direct measurements from EFI.
[9] All southern auroral zone passes from April 1996 to

February 1999 were examined to find candidate events
where large parallel electric fields were observed. We then
imposed the following stringent criteria [see also Mozer and
Kletzing, 1998] to remove all events that could be due to
systematic or instrumental effects: (1) Sufficiently large
electric fields can saturate the probe electronics, causing
unphysical parallel electric field signals. Events affected by
probe saturation were identified and removed from this data
set. (2) Shadow effects, such as solar illumination or
magnetic aspect, can produce spurious fields by modifying
the floating potentials of the probes, therefore any event that
showed any evidence of shadow effects was discarded. (3)
Wake effects and high ambient plasma densities can pro-
duce spurious fields. Thus any event that showed evidence
of wake effects (e.g., different estimates of the spacecraft
potential from different pairs of probes; anomalous inde-
pendent response of one or more of the probes) was
discarded. (4) Electric fields are less accurately measured
along the spin axis than in the spin plane because the spin
axis booms are much shorter than the spin plane booms and
because the spin axis electric field offsets are difficult to
determine. Fortunately, Polar’s spin plane is often nearly
coplanar with the magnetic field vector, allowing for accu-
rate measurement parallel electric field. Thus in this study,
only events where the magnetic field was close (within 10
degrees) to the spin plane were considered. Each candidate
event was manually inspected to make certain that the spin
axis measurement did not influence the parallel field sig-
nature. We established the influence of the spin axis
measurement on the parallel electric field component by
comparing electric field measurements (including the con-
tribution from the spin axis measurement) transformed to a
field-aligned coordinate (FAC) system with FAC trans-
formed measurements obtained under the assumption that
the spin axis measurement is zero. Events shown to be
significantly impacted by the spin axis measurement were
discarded. (5) The spin plane electric field offsets are known
with finite precision, leading to an error of a few mV/m in
any spin plane electric field component. Thus any event
where Ek was less than 25 mV/m was discarded. (6) The
angular uncertainty in the magnetic field direction is known
with finite precision. This uncertainty is typically much less
than one degree but can, at times, be as much as a few
degrees. Thus a spurious parallel electric field of up to 0.1E?
could be seen due to an error in the determination of the FAC
system. Thus any event with Ek/E? < 0.2 was discarded. In
addition, we discarded parallel electric field events which
were significantly affected by arbitrary rotations of ±5� of the
magnetic field direction. A detailed discussion on the vali-
dation of parallel electric fields observed by Polar based on
these criteria is presented elsewhere (Scudder et al., submit-
ted to Journal of Geophysical Research, 2001). Thus below
we present the results of our analysis.

3. Case Studies of Ekkkk

[10] Three years of Polar EFI data from April 1996 to
February 1999 yielded 64 events that satisfied our
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selection criteria. In this section, we provide five events
where large-amplitude, macroscopic parallel electric field
structures were encountered by Polar in the southern
auroral zone. The events chosen are representative of
the Ek structures that make up our statistical database.
We give evidence suggesting that the macroscopic paral-
lel electric field structures, which are the focus of this
paper, are different from the short duration, large-ampli-
tude solitary structures previously reported in the liter-
ature [e.g., Temerin et al., 1982; Ergun et al., 1998b;
Cattell et al., 1999] or ion cyclotron wave fields [e.g.,
Ergun et al., 1998a] with significant electric field com-
ponent along the magnetic field vector. Moreover, we
tested the kinetic Alfvén wave expectation of the parallel
and perpendicular fields and demonstrated that at least
for the example tested the explanation does not appear to
be feasible.

3.1. 14 September 1996 Event

[11] An example of a southern auroral zone crossing on
14 September 1996 at an altitude of �1RE is illustrated in
Figure 2. The three hour averaged Kp was 2+. Polar was
near local noon at an invariant magnetic latitude �75�,
and with increasing time it moved poleward (toward
higher invariant latitude) across a region of small ampli-
tude electric fields to subsequently encounter a region
containing large-amplitude electric field structures occur-
ring after about 0622:10 UT (see Figures 2a–2c). Figures
2a–2c depict the 3 components of the electric field in the
FAC system defined previously in section 2. It is important
to note that the electric field range for Figure 2c is
different from that of Figures 2a and 2b to make the
parallel electric field component clearly visible. In
Figure 2c, parallel electric fields ranging in amplitude
from 70 to 35 mV/m are observed near 0622:13 UT and
0622:26 UT, respectively. The Ek events appear to occur
between opposing (converging) pairs of large-amplitude
perpendicular electric fields (see Figures 2a and 2b), which
range in amplitude from 200 to 350 mV/m. The peak
instantaneous Ek/E? ratio for these events are found to be
15 and 10, respectively. Figure 2d depicts the negative of
the spacecraft floating potential �SC, which is a proxy for
the plasma density [Scudder et al., 2000]. Values of �SC

near zero correspond to high density plasma, whereas large
negative values of �SC correspond to low density plasma. In
this example the density ranges from �10 cm�3 in the low
field regions to a minimum of �0.1 cm�3 in the regions that
correspond to large-amplitude electric field signatures. The
east-west component of the magnetic field perturbation �BY

is given in Figure 2e. The slope provides an estimate of
the amplitude of the field-aligned current density, assuming
the current structure is convecting by the spacecraft at the
spacecraft speed. The decrease in �BY with increasing
invariant magnetic latitude during the interval encompassing
the Ek events (�0622:10 UT to 0622:50 UT) suggests that
Ek occurred in a region of upward field aligned current.
Figure 2f shows the plasma potential �pl, which is deter-
mined by integrating E? along Polar’s trajectory. The
parameter �pl is a measure of potential below Polar assum-
ing a quasistatic potential model. Figure 2f suggests a�1 kV
parallel potential drop below the spacecraft during the Ek
intervals.

[12] Spectrograms of ion differential energy flux for pitch
angle ranges from 0� to 30� (upward) and 150� to 180�
(downward) are depicted in Figures 2g and 2h, respectively.
Similarly, electron spectrograms for pitch angle ranges from
0� to 30� and 150� to 180� are depicted in Figures 2i and 3j,
respectively. Figures 2k and 2l display spectrograms of the
ion and electron skew defined as the difference between the
field-aligned and opposed differential energy fluxes nor-
malized by the estimated systematic and statistical measure-
ment uncertainty in that difference. Intense field-aligned ion
beams with a mean energy of �1 keV are shown to be
concurrent with the large-amplitude parallel electric fields
(see Figures 2g and 2h). The variation of ion beam energy is
shown to be consistent with the variation of �pl depicted in
the Figure 2f. The predominance of the upgoing ion flux
with respect to the downgoing flux is apparent from the
yellow to orange enhancements in the ion skew displayed in
Figure 2k from about 0622:10 to 0622:30 UT. Enhance-
ments in the downgoing electron energy flux are observed
simultaneously with the upgoing ion beams (Figure 2j). The
blue in electron skew depicted in Figure 2l from 0622:10 to

Figure 2. A southern auroral zone crossing near local
noon on 14 September 1996. Shown are (a)–(c) the
components of the electric field vector in field-aligned
coordinates, (d) the spacecraft potential, (e) the east-west
perturbation magnetic field, (f ) the plasma potential, (g)–
(h) spectrograms of the field-aligned and field-opposed
differential ion energy flux, respectively, (i)–(j) spectro-
grams of the field-aligned and field-opposed differential
electron energy flux, and spectrograms of the (k) ion skew
and (l) electron skew.
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0622:30 UT associated with the downward electron
enhancements seen in Figure 2j indicates predominantly
downward electron fluxes.
[13] One-second resolution electron and ion velocity

space distribution functions near 0622:26 are illustrated in
Figures 3a and 3b, respectively. In the southern auroral zone
positive (negative) values of vk are associated with particles
moving away from (toward) Earth. Corresponding one-
second resolution cuts of the electron and ion distribution
function aligned (red curve), opposed (blue curve), and
perpendicular (magenta curve) to the magnetic field vector
b̂ are exhibited in Figures 3c and 3d, respectively. The solid
black curve represents the energy spectrum averaged over
all pitch angles. The spectra depicted in Figures 3c and 3d
have not been corrected for the spacecraft floating potential.
The dotted vertical line indicates the spacecraft potential.
The dotted diagonal line represents the average one-count
level of the 1.15-s sampling interval. The spectra are
averaged over a finite pitch angle extent of roughly 30�.
Some of the bins used to get the average spectra have no
counts, thus at times the spectra may fall below the average
one-count level. The downward cut (blue curve) of the
electron distribution function in Figure 3c is basically flat
with a phase space density that is an order of magnitude
larger than the upward cut (red curve). This is characteristic
of a modified loss cone distribution of electrons which
results from the interaction of magnetized electrons with the
parallel potential and mirroring magnetic field. In going
from the plasma sheet to the ionosphere, a fraction of the
electrons get mirrored. However, a parallel electric field

exists and accelerates enough electrons through the mag-
netic mirror, so as to guarantee quasineutrality and maintain
current balance. The flat part of the distribution function is
often interpreted as the end state of an accelerated electron
beam after quasi-linear plateau formation.
[14] The vertical extent of the potential that results from

the parallel electric field signature can be obtained by
assuming that the large-amplitude parallel electric field is
constant and is responsible for all of the potential drop
experienced by the electrons (ions) in going from the
magnetosphere (ionosphere) to the spacecraft. The first
approximation is a very crude approximation of the func-
tional form of the parallel field and is equivalent to assum-
ing a linear potential ramp in the magnetosphere-ionosphere
transition region. The latter assumption is motivated by the
recent simulations by Ergun et al. [2000], who suggested
the existence of significant parallel potential drops concen-
trated in very thin layers (]125 km). Both assumptions
yield a reasonable order of magnitude estimate of the
vertical extent of the potential due to the large parallel
electric field signature. The high-energy limit of the plateau
in the parallel electron distribution profile given in Figure 4c
provides a rough measure of the potential above the space-
craft seen by the electrons. Using the observed values of
35 mV/m and 1 keV for the parallel electric field amplitude

Figure 3. Electron (a) and ion (b) distribution functions in
vk � v? space in the vicinity of the Ek event at 0622:26.
Also shown are the corresponding electron (c) and ion (d)
energy spectra aligned (red curve), opposed (blue curve),
and perpendicular (magenta curve) to the magnetic field
vector. The omnidirectional spectrum is indicated by the
black curve.

Figure 4. A southern auroral zone crossing near local
midnight on 30 May 1998. Shown are (a)– (c) the
components of the electric field vector in field-aligned
coordinates sampled at 40 Hz, (d)–(f ) the components of
the electric field vector in field-aligned coordinates sampled
at 1600 Hz, and (g) the ratio Ek/E?.
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and the parallel potential, the vertical extent of the potential
above the spacecraft is estimated to be �30 km. The ion
distribution is a beam, which suggests a net parallel poten-
tial of �1 keV and hence an estimated 30 km vertical extent
below the spacecraft.
[15] Our estimates of the altitudinal extent of the parallel

potential suggest that if all or most of the parallel potential
drop seen by the particles is due to the large-amplitude
parallel electric field, then the auroral acceleration region
must be confined to a narrow region roughly tens of
kilometers in extent, as opposed to thousands of kilometers.
However, previous observations [Mozer and Hull, 2001]
suggest via observations of inverted-V electrons at higher
altitudes (2RE to 5RE) the existence of weak parallel electric
fields. Thus it is likely that these large-amplitude parallel
electric fields observed at low altitudes are accompanied by
weaker parallel electric fields at higher altitudes. What is
not obvious is whether most of the parallel potential drop
seen by the particles is due to the large-amplitude parallel
electric field at low-altitudes, the weak parallel electric
fields at higher altitudes, or if significant contributions
come from both. Accordingly, our estimates represent an
upper limit on the vertical extent of the parallel potential
drop associated with the large-amplitude parallel electric
fields. In other words, if there are significant contributions
to the total potential drop experienced by the electrons from
weak parallel fields at higher altitudes, then the potential
drop due to the strong parallel electric field at lower
altitudes will be confined to a thinner region than implied
by our calculation.
[16] The presence of both upward accelerated ions and

downward precipitating electrons suggests that Polar is
traversing the upward current portion of the auroral accel-
eration proper. A model of the equipotential configuration
along the field line consistent with the observations is
given in Figure 1c. The auroral zone proper is envisaged to
be composed of a pair of U-shaped, elongated structures
with intense parallel electric fields occurring in a highly
localized region (tens of kilometers) near the bottom of the
potential tongues, and weak parallel electric fields at higher
altitudes. This scenario is to be contrasted with the gen-
erally accepted paradigm of the equipotential morphology,
which is viewed to be U-shaped, with a parallel potential
distributed over thousands of kilometers as depicted in
Figure 1a. The inferred orientation of the electric potential
structure encountered by Polar can be estimated by the
angle a = tan�1(E?/Ek). The large EkE? ratios of 15 and
10 that characterize the Ek events suggest boundary cross-
ings with respective normals inclined at angles of 4� and 6�
with respect to magnetic field. Thus, we view Polar to be
traversing the bottom edge of the potential tongues within
the region of concentrated parallel potential due to a large-
amplitude parallel electric field, as indicated by the dashed
arrow in Figure 1c.

3.2. 30 May 1998 Event

[17] Macroscopic parallel electric fields with significant
amplitude were observed by Polar on 30 May 1998, at an
altitude of about 5400 km. Polar was near midnight at an
invariant magnetic latitude of �67�, and was moving pole-
ward. The Kp index for these events was 4. The region is
characterized by an upward field aligned current with an

amplitude of roughly 0.3 mA/m2 estimated from the slope
(gradient) of the magnetic field perturbation (data not
shown). Figures 4a–4c depict time series of the 40-Hz
sampled electric field data in the FAC system. Large scale
Ek occur in two intervals (0324:33.2–0324:33.7 UT and
0324:34.0–0324:34.8 UT, respectively) with peak ampli-
tudes ranging from 65 to roughly 100 mV/m (see Figure 4c).
The Ek structures are nearly coincident with large-amplitude
E? structures shown in Figure 4a and have a sense such that
J � E > 0. The peak Ek/E? ratios were found to be 0.25 and
0.5, respectively, suggesting asymmetric in-out boundary
crossings with inward pointing normals inclined 75� and
63� with respect to the magnetic field vector. The large-
amplitude parallel electric fields encountered in this event
cannot result from errors in the magnetic field direction.
There would have to be errors of 15� and 27�, respectively,
whereas the uncertainty in the magnetic field direction is
known to be within a few degrees. The transverse extent of
these structures is estimated to be 3.5 and 5.6 km, respec-
tively, assuming a static model (see discussion below on the
validity of the static assumption), which is of the order of
the electron inertial length, c/wpe � 3 km. Hydra was unable
to measure the electron and ion distribution function over
the short time span the parallel electric field structures took
to convect by the spacecraft.
[18] The 40-Hz electric field observations do not pre-

clude the possibility that the Ek signatures were caused by
higher frequency oscillations. For example, the Ek struc-
tures could represent the envelope of a more or less
unipolar, higher frequency wave packet, as observed in
the plasma sheet boundary [e.g., Cattell et al., 1998b]. In
addition, the rectification of waves with angular frequen-
cies above the inverse plasma sheath-sphere RC time
could induce DC offsets in the probe potential measure-
ments [Boehm et al., 1994], which could show up, in the
transformed data, as a parallel electric field structure. This
rectification effect is due to the nonlinear response of the
detector to the higher frequency wave. To show that these
two different effects are not causing the Ek signatures,
Figures 4d–4f display the components of the electric field
constructed from data sampled at 1600 Hz through a 500-
Hz low-pass filter. In addition to the long duration, large-
amplitude structures seen in the 40 Hz data, the burst data
reveals the presence of short duration solitary-like struc-
tures of significant amplitude (200–300 mV/m), occurring
in the interval from 0324:33.5UT to 0324:34.4 UT. The
impulsive structures have significant power, both parallel
and perpendicular to the magnetic field vector. Figure 4g
shows a times series of the Ek/E? ratio that characterizes
the entire interval. The interval over which the spiky
structures occur only partially overlaps regions containing
macroscopic Ek structures, which suggests that the macro-
scopic Ek structures are not the envelopes of unipolar,
higher frequency wave packets, and are not caused by
rectification effects.
[19] To distinguish the nature of the larger scale parallel

electric field events from the spiky structures, it is useful to
perform a wavelet analysis. Figures 5a–5c display the time-
frequency power spectra of the electric fields given in
Figures 4d–4f, respectively. The power spectra were based
on a Morlet wavelet [e.g., Torrence and Compo, 1998],
which is ideal for resolving localized structures. The dotted
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Figure 5. Time-frequency power spectra based on Morlet wavelet analysis of the three components of
the burst electric field vector in field-aligned coordinates.
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white lines at 120, 30, and 7.4 Hz in Figures 5a–5c
represent the H+, He+, and O+ gyrofrequencies, respectively.
The macroscopic structures are manifested in the frequency
regime ]10 Hz, whereas the spiky structures have peak
power at frequencies near fH+ and fHe+. The transverse
electric field has considerable broadband power in the
north-south direction (see Figure 5a), with substantially less
power in the east-west direction (see Figure 5b). A sharp
separation of scales is apparent in the parallel component
depicted in Figure 5c. Namely, the power is substantially
depressed at frequencies slightly above 10 Hz, which does
not occur in the perpendicular components.
[20] The spectral density of the electric field (in units of

(mV/m)2/Hz) averaged over the interval from 0324:33.1
UT to 0324:34.6 UT are indicated by the solid curves in
Figures 6a–6c. The vertical lines in Figures 6a–6c indi-
cate the gyrofrequencies fH+, fHe+, and fO+. The AC magnetic
field search coil data are available for this event, however,
we saw no significant perturbations, with the search coil
signal being indistinguishable from the background mag-
netic field noise observed in neighboring quiet regions. For
completeness, the power spectra (dashed curves) of the
search coil magnetic fields (in units of (nT)2/Hz) have been
included in Figures 6a–6c. The lack of any noticable
magnetic field perturbation associated with the electric field
data suggests that the electric fields are electrostatic in
character.

[21] The electrostatic character and the near coincidence
of the spectral peaks with the characteristic gyrofrequen-
cies in Figures 6a–6c suggest that the spiky structures are
H+ and He+ ion cyclotron waves, which have been
commonly observed in the auroral acceleration region
[e.g., Mozer et al., 1977; Kintner et al., 1979; Cattell et
al., 1991, 1998a]. The fact that the broad Ek structures
partially overlap the oxygen gyrofrequency regime may
lead one to believe that the macroscopic parallel electric
field structures due to oxygen cyclotron fluctuations.
However, we performed a time-of-flight analysis using
potential measurements from opposing probes and found
that the large scale structures are static structures con-
vecting by the spacecraft at the spacecraft speed. The
validity of an oxygen cyclotron description would require
the wave vector to have a preferred alignment relative to
the spacecraft trajectory, a scenario which is possible, but
unlikely. Moreover, the large scale Ek structures are not
oscillatory in nature, but appear, in this example, nearly
coincident with a pair of macroscopic, converging E?
structures often called electrostatic shocks.
[22] Alfvén waves can have a significant parallel electric

field component and can appear to be electrostatic, espe-
cially for structures that are sufficiently narrow in the
direction transverse to the magnetic field [e.g., Lysak and
Lotko, 1996; Lysak, 1998; Stasiewicz et al., 2000, and
references therein]. We explored the possibility that kinetic
Alfvén waves are responsible for the large-amplitude,
macroscopic parallel electric field signatures by establish-
ing whether the ratio v = VABY/EX associated with the field
signatures of interest is consistent with the predictions of
the kinetic Alfvén wave model given by Lysak [1998].
Over the frequency regime (]10 Hz) corresponding to the
macroscopic parallel electric field signatures, the ratio vobs
= VABY/EX was found to vary from 5 � 10�3 to 5 � 10�2.
The kinetic Alfvén wave expectation for the ratio vA is
plotted as a function of Ve/VA and k?c/wpe in Figure 1 of the
paper by Lysak [1998]. In this event the electron temper-
ature varied from 0.5 to 1 keV and the density varied from
roughly 0.5 to 10 cm�3 in the vicinity of the parallel field
signatures. The perpendicular widths of the field structures
were determined previously. Using these values we deter-
mined that k?c/wpe � 2pc/(wpeL?) ranges from 3.0 to 10
and Ve/VA ranges from 0.3 to 0.4. These values suggest an
Alfvén wave expectation for the ratio vA � 0.4 to 0.9, which
is one to two orders of magnitude larger than vobs. Thus, we
conclude that the kinetic Alfvén wave explanation for the
occurrence of the macroscopic parallel electric field struc-
tures is not plausible in this case.

3.3. 20 July 1997 Event

[23] Figure 7 illustrates another example of large-ampli-
tude parallel electric fields. The three hour averaged Kp

was 2. Large Ek events were observed at �1308:15 UT
with peak amplitudes of 84 and 76 mV/m, respectively.
The events are coincident with E? structures with respec-
tive amplitudes of 190 and 140 mV/m. We emphasize that
these parallel electric field signatures are not the result of
the projection of a purely perpendicular field due to errors
in the magnetic field direction. The estimated uncertainty
in the direction of the magnetic field is within a few
degrees. Unreasonably large angular uncertainties of 24�

Figure 6. The power spectra of the components of the
burst electric field data in the FAC system (solid curve) and
corresponding search coil magnetic field power spectra
(dashed curves).
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and 28�, respectively in the magnetic field direction would
be required for the parallel electric fields to be explained
by this effect. The region was characterized by an upward
field-aligned current with an amplitude of 0.14 mA/m2

(slope of �BY illustrated in Figure 7e). The Ek events
occurred in moderately depressed density regions of �1
cm�3 compared to the peak quiet region density of about
�50 cm�3 as is inferred from the �SC given in Figure 7d.
The events are relatively narrow, characterized by spatial
widths transverse to the magnetic field of 9 km (0.9 c/wpe)
and 5 km (0.6 c/wpe), respectively. These events are
particularly interesting because particle measurements
were acquired during times concurrent with the large
parallel field. Upward moving ions (see Figures 7g and
7h), and downgoing electrons (Figures 7i and 7j) are
shown to be coincident with the Ek structures. The
parameter �pl given in Figure 7f suggests a �1 keV
potential drop below the S/C.
[24] Cuts of the electron and ion distribution function

aligned (red curve), opposed (blue curve), and perpendicu-
lar (magenta curve) to the magnetic field vector are
exhibited in Figures 8a and 8b, respectively. The black

curve denotes the omnidirectional energy spectrum. The
downward cut (blue curve) of the electron distribution
function in Figure 8a is sharply peaked at 1 keV with a
phase space density that is more than an order of magnitude
larger than both the field-aligned (red curve) and perpen-
dicular (magenta curve) cuts. Similarly, the upward cut (red
curve) of the ion distribution is sharply peaked at 500–600
eV, with little or no phase space density in the downward

Figure 7. A southern auroral zone crossing in the evening
sector on 20 July 1997. Shown are (a)–(c) the components
of the electric field vector in field-aligned coordinates, (d)
the spacecraft potential, (e) the east-west perturbation
magnetic field, (f ) the plasma potential, (g)–(h) spectro-
grams of field-aligned and field-opposed differential ion
energy flux, respectively, (i)–( j) spectrograms of field-
aligned and field-opposed differential electron energy flux,
and spectrograms of the (k) ion skew and (l) electron skew.

Figure 8. The (a) electron and (b) ion spectra in the
vicinity of the Ek events. The color code denotes the spectra
aligned (red curve), opposed (blue curve), and perpendi-
cular (magenta curve) to the magnetic field vector. The
black curve denotes the omnidirectional energy spectrum.
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and perpendicular cuts. The energy of the ion beam is
consistent with the �pl expectation for the potential below
the spacecraft. Estimates of the vertical extent of the parallel
potential are roughly 10 km above and 5 km below the
spacecraft, assuming a constant parallel electric field that is
responsible for all of the electron and ion acceleration.

3.4. 4 April 1996 Event

[25] As an illustration of one of the largest Ek amplitudes
encountered by Polar, Figure 9 depicts field and particle
data for a southern crossing near local midnight on 4 April
1996, featured in an earlier study [Mozer and Kletzing,
1998]. The region is characterized by a Kp index of 2 and a
uniform upward field-aligned current with an amplitude of
0.01 mA/m2 (see Figure 9e). Polar enters a region of
depleted density at �2044:27 UT (see Figure 9d). The high
to low density ratio is roughly 50. The perpendicular
component of the electric field (see Figures 9a and 9b) is
of small amplitude (�50 to 100 mV/m at the edges of the
density cavity, and reaching much smaller values within the
density cavity). The parallel electric field component is
nearly zero, except at �2044:46 UT, where the amplitude
reaches 250 mV/m (Figure 9c). The Ek/E? ratio correspond-
ing to the large parallel field signature is roughly 8. The
plasma density associated with the large Ek signature is
about 0.07 cm�3, which is an order of magnitude less than
the 0.5 cm�3 peak density in the interval immediately
following the Ek signature. The perpendicular width of the
parallel field is estimated at 0.9 km (�0.1 c/wpe), which
maps down to roughly 300 m at ionospheric altitudes.
[26] Within the density cavity region (�2044:27–

2044:45 UT), upgoing ion beams are observed (see
Figures 9g and 9h). It is important to note that the upgoing
ion beams are quite narrow in pitch angle and Hydra, with
gaps in its angular sampling, captures the narrow beam
occasionally through the interval, and only when one of the
pairs of detectors is nearly aligned (within 30�) along the
magnetic field line. This was the case for the samples taken
at 2044:29, 2044:35, 2044:45, and 2044:47 UT. In all of the
other ion sampling intervals, the angle between the nearest
detector look direction and the magnetic field direction was
greater than 30�, and thus ion beams along the magnetic
field direction (if present) were not seen by Hydra.
[27] In contrast, the full electron distribution is well

measured by the Hydra detector. Figures 9i and 9j show
that downgoing electrons are present inside the density
cavity. The dropouts in the upgoing electron differential
energy flux between 2044:24 and 2044:45 UT signify the
existence of a parallel potential below the spacecraft,
which prevents electrons of ionospheric origin from
accessing this altitude. The electron and ion signatures
coupled with the electric field observations inside the
density cavity suggest that Polar is within an acceleration
region characterized by a parallel potential that is distrib-
uted over a large spatial extent (thousands of kilometers).
The Hydra detectors were unable to measure the particle
properties over the short time interval over which the
large-amplitude parallel electric field structure occurred,
though upgoing ions and downgoing electrons were
observed in the vicinity of the Ek event with peak beam
energies of about 0.5 kV. This suggests a parallel potential
that is distributed over a few kilometers.

[28] Figure 1d displays one possible model of the poten-
tial distribution that can explain these observations. Within
the density cavity, the equipotential contours are envisioned
to be distributed over a large spatial extent, whereas at the
outgoing edge of the density cavity the potential contours
are kinked or S-shaped. This event illustrates the complex
nature of the auroral acceleration region, namely, the
potential can be distributed over a large spatial extent and
also be sheath-like in structure within a given current
region. As to what determines whether the potential is
highly localized in space or not is still not well understood.
A detailed analysis suggests that ambipolar effects may be
important (see discussion below in section 5).

3.5. 13 October 1996 Event

[29] In contrast with the nonoscillatory, macroscopic Ek
structures discussed in sections 3.1–3.4, we provide, in this
section, an example with large parallel and perpendicular
oscillations which appear to be those of oxygen cyclotron
waves. The occurrence of electric field oscillations at fre-
quencies below the 40 Hz sampling which have a significant
parallel component was rare at the altitudes sampled by Polar
in the southern auroral zone. The event occurred near local
midnight on 13 October 1996 at an altitude of �6000 km.
The Kp index was 2-, suggesting relatively quiet global
auroral activity. Figure 10 summarizes the particle and field
data for this event. This example contains parallel electric
field fluctuations (Figure 10c) with peak amplitudes ranging
from 50 to 200 mV/m. In this event the density makes a
transition from �20 cm�3 to roughly 10�3 cm�3 as inferred
from�SC given in Figure 10d. The slope of�BY (Figure 10e)
suggests that the Ek fluctuations occur in a region of upward
field aligned current. The Ek amplitude is oscillatory in
nature, and becomes most pronounced from 1318:31 to
1318:33 UT, which corresponds to the region of lowest
density (or largest negative �SC illustrated in Figure 10d).
Intense field-aligned ion beams with mean energy of�1 keV
are shown to be concurrent with the low density region. The
amplitude and energy of the ion beams is consistent with�pl.
At this time resolution, the electrons were not well sampled
along B in the density cavity, although the distribution
function in vk– v? space (not shown) is consistent with
precipitating electrons.
[30] To better establish the properties of the fluctuations,

we separated the higher frequency components from the
macroscopic structure by boxcar averaging the electric
field components depicted in Figures 10a–10c using a
sliding boxcar window of six points (0.4 sec resolution)
and then subtracting this result from the unaveraged field
components. The resulting detrended AC components of
the electric field are given in Figures 11a–11c. The
corresponding macroscopic fields are depicted in Figures
11d–11f. The spacecraft potential profile is provided in
Figure 11g, as a reference. The parallel fluctuations are
coincident with perpendicular fluctuations of similar
amplitude. Throughout most of the interval, parallel spikes
depicted in Figure 11c are accompanied by spikes in either
one or both of the perpendicular fields depicted in Figures
11a and 11b. The correlation coefficient between the
magnitudes of the parallel and perpendicular AC electric
fields was 0.5. This strong correspondence suggests that
the perpendicular and parallel fluctuations are from the
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Figure 9. A southern auroral zone crossing near local midnight on 4 April 1996. Shown are (a)–(c) the
components of the electric field vector in field-aligned coordinates, (d) the spacecraft potential, (e) the
east-west perturbation magnetic field, (f ) the plasma potential, (g)–(h) spectrograms of field-aligned and
field-opposed differential ion energy flux, respectively, (i)–(j) spectrograms of field-aligned and field-
opposed differential electron energy flux, and spectrograms of the (k) ion skew and (l) electron skew.
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same mode. In addition to the large Ek fluctuations, there
exists large-amplitude, macroscopic parallel electric fields
which range in amplitude from 40 to 70 mV/m occurring
at �1318:30 UT and �1318:32, respectively (see Figure
11f ). The respective Ek/E? ratios are found to be 0.6 and
1.0. The macroscopic events are characterized by a trans-
verse width of roughly 2 km. In stark contrast with the
parallel field oscillations, the macroscopic fields are not
oscillatory in nature, appearing as a unipolar signature of a
sense to accelerate ions upwards and electrons downward.
This unipolar feature is a recurring property of the Ek
events that make up this database.
[31] To provide insight into the identity of these fluctu-

ations, Figures 12a–12c display the power spectra of the
electric field components depicted in Figures 10a–10c,
within the cavity. The solid curve in each of the figures
represents the power spectra of the unaveraged electric
field and the dotted curve represents the power spectra of
the detrended AC electric field components. The peaks in
all 3 components of the field near 3 Hz reflects the
macroscopic structure. In addition, all three components
show a significant peak at about 7–8 Hz, which is roughly
at the oxygen gyrofrequency fO+ indicated by the solid

vertical line. The near coincidence suggests that these
oscillations are consistent with oxygen cyclotron waves.
The occurrence of oxygen cyclotron waves suggests the
presence of O+ with significant density. Moreover, the
power spectra indicates that the parallel electric field
component has significant power. Oxygen cyclotron waves
with large parallel fields are expected to cause significant
electron flux modulations, which ultimately produce flick-
ering aurora. It is important to note that the peaks at the
oxygen cyclotron frequency should be viewed with caution.
Depending on the filter roll-off, significant power at up to
twice the Nyquist frequency could contaminate the lower
frequency components. Thus, it may be the case that the
power at 7–8 Hz could be due to a combination of O+ and
He+ cyclotron modes (which if present should occur at �30
Hz). Additional peaks in the power spectra occur near the
Nyquist frequency for both the FAC Ex and Ez components
of the electric field. We do not have a reliable explanation
for these peaks at this time.

4. Statistical Properties

[32] Polar provides nearly uniform invariant latitude (�)
and magnetic local time (MLT) coverage of the southern
auroral zone over the 3-year sampling period. In 3 years of
EFI data, with a total of about 3000 inbound and outbound
crossings of the auroral zone, roughly 60 events or 2% of
the crossings contain large-amplitude parallel electric fields.
This low observation rate is consistent with their typical
vertical extents which are inferred to be, at most, a few tens
of kilometers. In the following subsections, we compare the
properties of the Ek events with other parameters that
characterize the auroral acceleration region.

4.1. Geographic Location of Ekkkk Samples

[33] Figure 13a shows the geographic location of the
events that make up this database. The events trace out a
pattern characteristic of the auroral zone location in � and
MLT in Figure 13a. However, the events are clustered in the
premidnight quadrant, with substantially fewer events near
local noon. This tendency is qualitatively similar to the
distribution of inverted-V electron events [Lin and Hoffman,
1979], ion beams [Gorney et al., 1981], and electrostatic
shocks associated with ion beams [Bennett et al., 1983;
Redsun et al., 1985] observed in the auroral zone.
[34] Figure 13b shows a histogram of the altitudes at

which the Ek events were observed by Polar. The altitudes
ranged from 0.8RE to 1.5RE, which corresponds to 5000 to
9600 km. The limited altitude range over which the
parallel electric fields occurred is artificial and reflects
the altitudes sampled by Polar in the southern auroral zone
over the first 3 years of its mission. Thus, large-amplitude
parallel electric fields may exist at altitudes above and
below those sampled in this study. Figure 13c gives the
occurrence rate as a function of altitude, defined as p(h) =R
p(h, �) dl, where p(h, �)dl = No(h, �)/Ns(h, �), No(h,

�) is the number of parallel field events encountered at a
given altitude and invariant latitude satisfying our selection
criteria and Ns(h, �) is the corresponding number of times
Polar encountered that same geographic location. The
vertical bars centered in each altitude bin indicate the
estimated errors based on Poisson statistics. The occur-

Figure 10. A southern auroral zone crossing near local
midnight on 13 October 1996. Shown are (a)–(c) the
components of the electric field vector in field-aligned
coordinates, (d) the spacecraft potential, (e) the east-west
perturbation magnetic field, (f ) the plasma potential, (g)–
(h) spectrograms of field-aligned and field-opposed differ-
ential ion energy flux, respectively, (i)–(j) spectrograms of
field-aligned and field-opposed differential electron energy
flux, and spectrograms of the (k) ion skew and (l) electron
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rence rate in Figure 13c peaks at an altitude of �1.28RE,
suggesting that the macroscopic parallel electric fields with
amplitudes greater than our acceptance criteria of 25 mV/
m tend to occur in a thin localized region. These results
are consistent with the recent simulations by Ergun et al.
[2000], which suggested the existence of thin layers

containing significant potential drops and with the results
of a recent survey [Mozer and Hull, 2001] of Polar data
which found no evidence for large-amplitude parallel
electric fields at much higher altitudes (2–6RE). Our
results together with those of previous studies [Mozer
and Kletzing, 1998; Ergun et al., 2000; Mozer and Hull,

Figure 11. Depicts (a)–(c) the detrended AC components of the electric field, (d)–(f) the boxcar
averaged electric field components, and (g) the spacecraft potential.
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2001] suggest that the large-amplitude, macroscopic paral-
lel electric fields are a property of the low-altitude portion
of the auroral acceleration region.

4.2. Characteristic Amplitudes

[35] A summary of the characteristic electric field
amplitudes of the events that make up this database is
given in Figures 14a–14d. Figure 14a gives the distribu-
tion of the peak amplitude of the parallel electric events.
The most probable peak value of the parallel electric

Figure 12. (opposite) The power spectra of the electric
field data (solid curve). Also shown are the power spectra of
the detrended AC electric field components (dotted curve).
The solid vertical line indicates the oxygen gyrofrequency.

Figure 13. The geographic location of events as a function
of invariant latitude and magnetic local time (a), a histogram
of the sampled parallel electric field altitudes (b), and the
occurrence rate as a function of altitude (c).
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field, Ekm, is found to be 70 mV/m, though much higher
values are possible. The cutoff at low amplitudes is
artificial and reflects the minimum amplitude of Ek
selected for this study. Figure 14b is a histogram of the
amplitude of the perpendicular electric field coincident
with the peak parallel electric field of each event that
makes up this study. Figure 14c is a histogram of the
ratio � = Ek/E? and Figure 14d is a scatterplot of Ek and
E?. The solid lines in Figure 14d represent different
values of �. The typical � is 0.4 which indicates that
large Ek events are concurrent with much larger E?,
although there are several events with much larger ratios.
The ratio � provides information on the geometries of the
potential well encountered by Polar. Many of the events

occur in the transition between high and low density
plasma, with some events occurring within the acceler-
ation proper. The typical orientation of the boundary
normal characterizing the transition region is inclined at
an angle a = tan�1(1/�) = 70�. Values for � ^ 0.4 are
unlikely to be explained by uncertainties in the projection
of a large, purely perpendicular field. Such a scenario
would require errors of ^20� in the magnetic field
direction.
[36] Figures 15a–15c shows the altitude dependence of

the magnitudes of Ek, E? and e, respectively. There is no
clear dependence between the magnitude of Ek and altitude,
though there is a hint that the biggest Ek events are confined
to lower altitudes. Figure 15c suggests that the largest Ek/E?

Figure 14. Histograms of (a) the magnitude of Ek, (b) the magnitude of E?, and (c) the ratio � = Ek/E?.
Also shown (d) is a scatterplot of Ek and E?. The solid lines represent different values of �.
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ratios occur at the lower altitudes. This tendency is an
indication of the geometrical sampling of the potential wells
that make up this database and is consistent with the
canonical electrostatic U-shaped model of the electron
acceleration region, where the electric field is primarily
perpendicular to the magnetic field at high altitudes and
primarily field-aligned at low altitudes.

4.3. Comparisons With Parallel Current Density

[37] We explored whether or not the size of the parallel
electric field is controlled by parallel current density. An
appropriate measure of the current is the ratio Jk/B which
for a given event should be a constant along a magnetic
field line, provided the system is time stationary and the
perpendicular current density is zero. The Jk was empiri-
cally inferred from r � �Bav = m0J, where �Bav is the
spin period averaged perturbation vector magnetic field
and J is the current density. Linear interpolation was used
to determine Jk at the time Ek occurred. Figures 16a–16c
compare Jk/B with altitude, Ek, and E?Figure 16a indi-
cates that there is no apparent altitude dependence on the
current. The most probable value for Jk/B was found to
be 2.0 � 10�11A/(m2 nT). There are events that have
negative values, although a closer inspection of these
events suggests that they may be explained by coarse
sampling of �Bav in a rapidly changing current region.
Nevertheless, �Bav provides a reliable estimate for Jk in
an average sense. Figures 16b and 16c show no apparent
Ek and E? dependence with current. However, there is a
correlation between the direction of current and the
direction of the parallel electric field, namely upward
parallel electric fields are associated with upward pointing
field-aligned current. Our search for parallel electric fields
in this study was not restricted to the upward current part
of the auroral region. The statistical preponderance of
upward current associated upward directed field-aligned
parallel electric fields adds credence to the measurements
that make up our database. Moreover, the statistical
correlation of the current sense with sense of the parallel
electric field argues against an explanation of our results
from random spurious electric fields; with such an
explanation there should be no preference for the direc-
tion of current. It is important to note that the lack of
any trend between upward parallel electric field amplitude
and the current density does not invalidate the Knight
relation which is a relationship between the parallel
potential drop and the current density, although it does
constrain it.

4.4. Ekkkk Anticorrelation With Density

[38] Theoretical models of the auroral acceleration region
[e.g., Knight, 1973; Rönnmark, 1999] predict, among other
things, a relationship between the parallel electric field and
the plasma density. Recent particle and field observations at
higher altitudes [Mozer and Hull, 2001] also suggest the
importance of the plasma density in determining the pres-
ence of parallel potential drops in the auroral zone. In
particular, Mozer and Hull [2001] demonstrated that
upgoing ions, which indicate significant parallel potential
drops below the spacecraft, are not associated with varia-
tions in the current, but coincided with regions of depressed
plasma density. Thus one might suspect that the large-

Figure 15. Observed altitude dependence of (a) Ek (b) E?,
and (c) Ek/E?.
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amplitude parallel electric fields discussed in this paper
should depend on the plasma density.
[39] Figure 17 compares Ek with �SC or equivalently with

the plasma density N. The density dependence depicted in
Figure 17 was determined from the relation given by
Scudder et al. [2000]. The comparisons in Figure 17
indicate that the amplitude of Ek increases with increasingly
more negative values of �SC or equivalently with smaller
values of the plasma density. The best fit slope and intercept
is found to be �0.05 km and �2.9 V, respectively, and the
linear correlation coefficient is �0.69. The strong Ek-�SC

anticorrelation illustrated in Figure 17 suggests a strong
anticorrelation between Ek and the log(N ). Although we did
not directly measure the relationship between the plasma
density and electric field along a given magnetic flux tube
of force, our statistical result is suggestive of a such
relationship in an average sense, given that the events
sampled covers a broad altitude range. Such a dependence
places a rather strict constraint on the mechanism or
mechanisms responsible for supporting such large parallel
electric fields. We interpret the anticorrelation to be a
manifestation of an ambipolar response of the plasma at
the interface between the low density magnetospheric
plasma and the high density ionospheric plasma. The net
result is a parallel electric field with a sense to accelerate
electrons downward and ions upward to maintain current
balance and quasineutrality (see discussion below in
section 5 for more details).

4.5. Electric Field Transverse Widths

[40] In this section we summarize the properties of the
transverse widths WEk and WE? of the macroscopic parallel
and perpendicular electric fields, respectively, that comprise
this database. The WEk is defined as the full width at half
maximum of the Ek signature. Many of the Ek structures
occurred nearly simultaneously with an E? structure which

Figure 16. (opposite) Comparisons of Jk/B (a) with
altitude, (b) Ek, and (c) E?.

Figure 17. Comparison of the negative of the spacecraft
floating potential �SC with the measured parallel electric
field Ek.
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may be broader or narrower. However, a few cases (few
percent) occurred in the center of converging pairs of E?.
Thus, we defined WE? as the full width at half maximum of
the E? structure nearly coincident with a given Ek structure,
or as the full width at half maximum of the nearest E?
structure in those cases with Ek at the center of converging
pairs of E?. The macroscopic electric field structures were
assumed to be convecting by the spacecraft at the orbital
velocity in converting from temporal to spatial coordinates.
Such an approximation was found to be valid for one of the
examples discussed above via time-of-flight analyses of
burst mode potential measurements from opposing sphere
pairs (e.g., see the discussion in section 3.2).
[41] Histograms of WEk andWE? are given in Figures 18a

and 18b, respectively. The WEk range in value from 0.5 to
26 km with a peak value at 1 km and median value of 4 km.
The distribution of WE? is somewhat broader than the WEk
distribution, characterized by WE? ranging from 0.5 to 30
km, and peak and median WE? values of at 1 and 6 km,
respectively. We imposed a lower spatial bound of 0.5 km in
selecting the Ek events for this data set. The electric field
estimates for events with spatial sizes much smaller than 0.5
km can be significantly impacted by finite wavelength
effects in addition to possible density and temperature
gradient effects. Thus, the lower cutoff value is artificial
and smaller widths are possible, though we feel that they
cannot be measured reliably by EFI.
[42] Earlier studies [e.g.,Mozer et al., 1980;Mozer, 1981]

have investigated the spatial scales of auroral zone electric
fields. In particular, the study by Mozer et al. [1980]
suggested the presence of two spatial scale sizes for the
perpendicular electric fields: (1) a broad scale of about a few
degrees in invariant latitude (e.g., a few hundred kilometers

at ionospheric altitudes) associated with the entire turbulent
auroral zone electric field region, which may encompass
several converging pairs of perpendicular fields, and (2) a
much thinner scale W 0

E? ranging from 0.01� to 0.1� in
invariant latitude (e.g., from 1 to 10 km at ionospheric
altitudes) associated with a given pair of converging per-
pendicular electric fields. Our study focused on the spatial
widths of a single electric field signature, as opposed to the
spatial widths of a given pair of converging perpendicular
electric fields. Thus, the perpendicular electric field trans-
verse widths WE? presented in this study are roughly WE?
� W 0

E?/2. The WE? in our study mapped to ionospheric
altitudes corresponds to 0.17 to 10 km, which is roughly
consistent with the 0.5 to 5 km range of widths inferred
from the study by Mozer et al. [1980], although our
estimates map to somewhat thinner structures at the iono-
sphere. The range of WEk corresponds to roughly 0.17 to 8
km at ionospheric altitudes, with a distribution that is in
rough correspondence with the distribution that character-
izes the smallest scale sizes of discrete auroral arcs [e.g.,
Maggs and Davis, 1968]. Ultimately, the fine structure of
auroral forms are connected with the detailed properties of
the electron precipitation. Localized pockets of intense Ek,
such as those presented in this paper, could lead to fine scale
enhancements of the energy flux of inverted-V precipitating
electrons and hence to fine scale variations in discrete
auroral arcs.
[43] Figures 18c and 18d depict distributions of WEk

and WE?, respectively, normalized by the electron inertial
length (Le = c/wpe). Estimation of wpe requires knowledge
of the local plasma density, which was estimated from
direct measurements of the spacecraft potential using the
density-spacecraft voltage relation developed by Scudder
et al. [2000]. Although somewhat broad, the normalized
distributions given in Figures 18c and 18d show that the
WEk and WE? are typically the order of the electron
inertial length. Other characteristic spatial lengths of
interest are the electron Debye length le and proton
gyroradius rp. At these altitudes, c/wpe � 20 le � 20rp
(assuming 1 keV protons and an electron temperature �1
keV). Thus the typical widths of the fields are of the
order of 20le or 20rp.

4.6. Association With Global Auroral Activity

[44] Previous observational studies found that the fre-
quency of occurrence at low-altitudes [Bennett et al., 1983]
and possibly the amplitudes [Keiling et al., 2001] of auroral
zone electric fields are controlled by magnetospheric activ-
ity. Here, we explore the extent to which the occurrence and
amplitudes of the parallel electric fields presented in this
study depend on global magnetospheric activity as meas-
ured by Kp. Figure 19a shows the distribution of three hour
averaged Kp values associated with parallel electric field
events. The Kp values range from 0 to 6 with a typical value
of 2. Figure 19b shows the distribution of three hour
averaged Kp values recorded each time Polar crossed field
lines connected to the southern auroral zone over the entire
3-year sampling period. Figure 19c depicts the normalized
occurrence pattern determined by dividing the number of
parallel electric field events in each Kp bin by the total
number of auroral zone crossings registered within that bin
over the 3-year period. The estimated errors based on

Figure 18. The distribution of the spatial widths of (a) the
parallel electric field and (b) the corresponding perpendi-
cular field structures. Also shown are the distributions of (c)
Ek widths and (d) E? widths normalized by the electron
inertial length c/wpe.
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Poisson statistics are indicated by vertical bars centered at
each Kp bin. Figure 19c shows an increasing frequency of
occurrence of parallel electric fields with amplitudes 
25
mV/m with increasing values of Kp between 0 and 4. It is
not clear that this trend should continue beyond a Kp 
 4
due to the lack of events at these higher Kp values. The
scatterplot displayed in Figure 19d shows no apparent
dependence between Kp and Ek amplitudes, except that
the Ek events that make up this data set tend to be more
commonly associated with less active aurora. The fact that
Kp controls the occurrence frequency of large parallel fields,
but not the amplitudes, suggests that either the formation of
the large parallel electric fields is favored by more active
global auroral conditions or that the large parallel fields
always exists and that their occurrence at the altitudes

sampled by Polar in the southern auroral zone increases
with Kp. The second possibility is suggested in the study of
auroral zone electric fields with amplitudes 
90 mV/m
(shocks) sampled by S3-3 at altitudes between 240 and
8000 km by Bennett et al. [1983], which indicated that the
shocks tended to occur more frequently at lower altitudes
for higher values of Kp.

5. Discussion

[45] The results of the individual case studies together
with the statistical results provide important clues to
understanding the mechanism or mechanisms that support
these large-amplitude, macroscopic parallel electric fields.
The statistical results of this paper suggest that the macro-
scopic parallel electric fields are directed upward and are
intimately connected with the maintenance of an upward
directed parallel current. The parallel electric fields were
shown to be rather localized in space, with typical widths
which are of the order of the electron inertial length. The
resulting parallel potential has been inferred to extend over
roughly tens of kilometers. The tendency for the parallel
electric fields to occur at the boundary separating high and
low density plasma may be an indication that they occur in
response to the plasma’s inability to carry the current in
the transition between magnetospheric and ionospheric
plasmas.
[46] The properties of the parallel electric field are inti-

mately related to the way momentum is imparted to the
current carriers, the process of which may depend on effects
such as pressure gradients, inertia, and anomalous resistivity
as embodied in the generalized Ohm’s law. A convenient
expression for the steady state electric field that is equivalent
to the generalized Ohm’s law is the steady state electron
momentum equation given by the following expression:

E ¼ �Ue � B

c
� 1

eNe
r � Pe �

me

e
Ue � rUe þ hJ; ð1Þ

where me is the electron mass, c is the speed of light, e is the
electron charge, Ne is the electron density, Ue is the electron
bulk velocity, Pe is the electron pressure tensor, h is the
anomalous resistivity, and J is the current density. The first
term in (1) often denoted the unipolar electric field term has
no contributions to the parallel electric field. The second
term is the ambipolar electric field term, the third represents
electron inertia effects, and the fourth term reflects
anomalous resistivity effects, each of which can contribute
to Ek. Our statistical results show that the parallel field is
uncorrelated with the parallel current density. Our statistical
results also show a strong anti-correlation between parallel
electric field and the logarithm of the density. It is thus
fruitful to examine the inertial and ambipolar terms to see if
either can reproduce the anti-correlation.

5.1. Electron Inertia

[47] The more or less confinement of Ek and E? to widths
which are of the order of the electron inertial length
suggests the possibility that inertial effects may be impor-
tant in supporting the parallel field and establishing its
spatial scale. Recent theoretical studies have suggested that
electron inertia alone can support the parallel electric fields

Figure 19. (a) Distribution of three hour averaged Kp

values associated with the parallel electric field events, (b)
distribution of three hour averaged Kp values recorded each
time Polar traversed the southern auroral acceleration region
over the 3-year sampling period, (c) normalized occurrence
pattern, and (d) comparison of Kp with Ek.
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responsible for accelerating electrons to keV energies
[Rönnmark, 1999]. According to Rönnmark [1999], the
parallel electric field determined by electron inertia can be
expressed by the following:

Ek � �me

e
Uek

@Uek

@Sk
; ð2Þ

where me is the electron mass, Uek is the electron bulk speed
parallel to the magnetic field vector (which is different from
the electron beam speed used to infer the potential from the
electron distribution function), and @/@ Sk is the derivative
along the magnetic field. Using the field line conservation
constraint � = NeUek/B = const (which is equivalent to Jk/
B = const along a magnetic flux tube of force if the electrons
carry all the current), we can express (2) in terms of
gradients in the density and the magnetic field as follows:

Ek ¼ � @�

@Sk
� me

e
�2 B2

N 3
e

@Ne

@Sk
� B

N 2
e

@B

@Sk

� �
: ð3Þ

The gradients in the plasma density associated with the
parallel electric fields are much larger than the magnetic
field gradient over the tens of kilometer distances these
parallel field occur. This suggests that the first term should
dominate yielding an electric field which is in the same
direction as the density gradient. The density increases with
decreasing altitude. Consequently, the electric field is
predicted to point downward, which is contrary to the
observations. Thus it appears that the electron inertial
effects cannot explain these localized large-amplitude
parallel electric fields. However, it is important to mention
that such arguments cannot rule out electron inertial effects
as a possible explanation for the weak parallel electric fields
responsible for kV potential drops distributed over thou-
sands of kilometers at higher altitudes, provided that it can
be demonstrated that jB/rBj > jNe/rNej.

5.2. Ambipolar Effects

[48] The ambipolar term of the electron momentum
equation can support parallel electric fields in regions of
sharp density and temperature gradients (e.g., pressure). The
present observations are unable to unambiguously deter-
mine whether the density gradient along the field line is
larger than, smaller than, or of the same order as the
temperature gradient. However, the transverse observations
inside and outside the density cavities reveal much sharper
transitions in the density than in the temperature on the short
scales over which the electric fields occur. The electron
density outside the cavity, which is dominated by a mixture
of ionospheric and magnetospheric components, is much
larger than the plasma inside the cavity which is primarily
composed of magnetospheric electrons. Typically, the ratios
between the density outside and the density inside the cavity
were found to be NeI/NeMS � 10 to 100 and can be as large
as 1000 at the altitudes sampled in our study. An examina-
tion of the electron temperature changes across these
cavities reveals a much weaker transition, namely, the ratio
between electron temperature outside to the electron tem-
perature inside was observed (when available) to be roughly
TeI/TeMS � 0.3 to 0.5. Although such a dependence is not

necessarily guaranteed along the magnetic field, it is rea-
sonable to assume that the local density gradient along the
field line is much larger than that of temperature. In this
approximation the parallel electric field can be expressed as

Ek � � kbTe

e

@ln Neð Þ
@Sk

; ð4Þ

where kb is the Boltzmann constant, Te is the electron
temperature, and Ne is the electron density. This formulation
of the parallel electric field is equivalent to modeling the
electron contribution as a Boltzmann response to the parallel
electric field. This expression predicts that the parallel
electric field is in the opposite direction of the density
gradient. Thus, a downward directed density gradient implies
an upward directed parallel electric field which is consistent
with our results.
[49] Expression (4) can be rewritten to yield an order of

magnitude estimate of the altitudinal extent of the parallel
potential as follows:

dSk �
kbTe

eEk
ln

NeI

NeMS

� �
ð5Þ

Using typical values for electron temperature and the density
ratio, (5) yields dSk � 20 to 50 km for a 100 mV/m parallel
electric field. This result is in reasonable agreement with the
altitudinal extents previously estimated in this study from the
measured parallel electric field and parallel potential drop
inferred from the electron and ion beam energies.
[50] The typical transverse width of the perpendicular

field can also be estimated. For a monotonic potential ramp
characteristic of the transverse high and low density tran-
sition, the full widths at half maximum of E? is in a sense a
measure of the perpendicular scale over which the potential
drop is distributed. Assuming that the geometry is locally
planar and that the ambipolar effects determine the electric
field, the parallel length is related to the perpendicular width
WE? by dSk/WE? = 1/�. Thus, we obtain an expression for
the perpendicular width of the following form:

WE? � �
kbTe

eEk
ln

NeI

NeMS

� �
ð6Þ

Using the peak value for � � 0.4 yields WE? � 8 for a
density ratio of 10 and a 1 keV electron temperature. This
compares favorably with the median value of WE? which
was found to be 6 km.
[51] Finally, the statistical anticorrelation between the

parallel electric field and the plasma density can be
explained by the following heuristic arguments. If on
average the parallel electric field measurements were taken
near the center of the parallel potential ramp, the density
can be approximated as ln N* � (ln NI + ln NMS)/2.
Substituting this into (5), we get a relation between the
parallel electric field and the locally measured density as
follows: E*k � �2(kbTe/e)[ln N* � ln NI]/dSk. Thus, with
all other things being equal for different events, a smaller
value of N* will give rise to a larger E*k. This expression is
just approximate, and breaks down when Polar is travers-
ing the parallel electric field region near the top or bottom
of the region. Physically, the statistical anticorrelation is
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viewed as a manifestation of an ambipolar parallel electric
field, the strength of which depends on the sharpness of
the density transition along the field-line.
[52] These results suggest that the ambipolar term of the

generalized Ohm’s law provides a feasible explanation for
both the parallel and perpendicular electric field structures
associated with the sharp density transitions. However, an
unambiguous judgment would require measurements along
the magnetic field. Not precluded from this analysis is the
possibility that the parallel potential associated with these
large-amplitude fields are the results of significant viola-
tions of quasineutrality (e.g., a sheath effect) often observed
in experimental devices and considered in several theoret-
ical studies. The parallel electric field amplitude is likely to
be a lower bound on the maximum field that can occur
along the field line. Much larger fields can occur along the
field line characteristic of a sheath potential as suggested in
more recent observational [Mozer and Hull, 2001] and
theoretical models [Ergun et al., 2000]. It may be the case
that the parallel electric fields discussed in this study are
characteristic of a presheath (a region where the quasineu-
tral approximation is valid).

6. Conclusions

[53] This paper presents the first statistical study of large-
amplitude, macroscopic parallel electric fields in the upward
current portion of the southern auroral zone at altitudes
ranging from 0.8RE to 1.5RE. We found 64 events charac-
terized by Ek ranging in amplitude from about 25 to 300
mV/m. Moreover, Ek represents a significant fraction of the
total electric field strength (the Ek/E? ratios range from
�0.25 to O(10)). Many of the parallel electric field struc-
tures occur at the edges of converging pairs of perpendicular
electric field structures (electrostatic shocks). The Ek struc-
tures are associated with the upward current, tending to
occur within or near regions containing upgoing ions and
downgoing electrons. The large-amplitude parallel electric
fields tend to occur preferentially within a thin layer
centered about 1.28RE. In addition, the occurrence of these
large-amplitude parallel electric fields increases with
increasing values of Kp between 0 and 4. It is not clear that
this tendency should continue for higher Kp values due to
the low statistics. We find no apparent correlation between
the magnitude of Ek and altitude, current, and Kp, although
there is a suggestion that the largest Ek/E? ratios are
confined to lower altitudes. The large parallel electric fields
imply significant parallel potential drops that are rather
localized in altitude (e.g., tens of kilometers as opposed to
� thousands of kilometers). The Ek structures have spatial
widths that range from �1.0 to 20 km which map to 100 m
to 2 km at ionospheric altitudes, with a distribution that is in
rough correspondence with the distribution that character-
izes the smallest scale sizes of discrete auroral arcs [e.g.,
Maggs and Davis, 1968]. Thus, the observed Ek could be a
source of small-scale auroral structures embedded in broad
arcs. The spatial widths that characterize the Ek signatures
are typically of the order of the electron inertial length. We
tested the kinetic wave expectation of the parallel and
perpendicular fields and demonstrated that at least for the
example tested the explanation does not appear to be
feasible. A detailed analysis suggests that these large-ampli-

tude parallel electric fields are probably the result of an
ambipolar response of the plasma to sharp gradients in
density at the interface separating the cold, dense ionospheric
plasma from the hot, tenuous magnetospheric plasma.
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